Human cytomegalovirus can cause a diverse range of diseases in different immunocompromised hosts. The pathogenic mechanisms underlying these diseases have not been fully elucidated, though the maximal viral load during infection is strongly correlated with the disease. However, concentrating on single viral load measures during infection ignores valuable information contained during the entire replication history up to the onset of disease. We use a statistical model that allows all viral load data sampled during infection to be analysed, and have applied it to four immunocompromised groups exhibiting five distinct cytomegalovirus-related diseases. The results show that for all diseases, peaks in viral load contribute less to disease progression than phases of low virus load with equal amount of viral turnover. The model accurately predicted the time of disease onset for fever, gastrointestinal disease and pneumonitis but not for hepatitis and retinitis, implying that other factors may be involved in the pathology of these diseases.
INTRODUCTION
Human cytomegalovirus (HCMV) is a highly seroprevalent infection in the human population. In immunocompetent individuals, viral replication is suppressed predominantly, but not exclusively, by CD8C T-cells (McLaughlin-Taylor et al. 1994; Gillespie et al. 2000; Appay et al. 2002; Bronke et al. 2005a,b; Bunde et al. 2005; Sacre et al. 2005; Sylwester et al. 2005) , and the virus has evolved as a broad range of immune manipulation strategies to maintain the homeostatic host-parasite relationship in a clinically asymptomatic form (Tortorella et al. 2000; Lilley et al. 2001; Kaleejta & Shenk 2002; Mocarski 2002; Rehm et al. 2002; Tirabassi & Ploegh 2002; Lilley & Ploegh 2004) . In contrast, in the T-cell immunocompromised host (particularly transplant recipients and HIV-infected individuals), high levels of HCMV replication are observed leading to a variety of HCMV end-organ diseases (Emery 2001; Deayton et al. 2004) . The anatomical site of HCMV disease varies according to the nature of the patient group, implying that each immunocompromised host may make unique contributions to disease pathogenesis. Thus, bone marrow transplant recipients frequently experience HCMV pneumonitis and gastrointestinal tract disease (Nichols & Boeckh 2000) ; solid organ recipients experience hepatitis, gastrointestinal tract disease and prolonged fever (Ho 1994) , while HIV-infected individuals with CD4 cell counts less than 50 cells ml K1 predominantly experience HCMV retinitis (Dunn & Jabs 1995; Hoover et al. 1996) .
The recent application of sensitive methods to quantify viral replication has facilitated an understanding of the viral parameters associated with HCMV disease. These studies have shown that viral load is a dominant risk factor for HCMV disease (Cope et al. 1997; Gor et al. 1998; Spector et al. 1998; Emery et al. 1999a,b; Hassan-Walker et al. 1999; Limaye et al. 2001) . In addition, kinetics of replication during the early phases of active replication have been defined and used to estimate the basic reproductive number of HCMV (Emery et al. 2002) and to provide prognostic information in the immunocompromised host (Emery et al. 2000; Schafer et al. 2001) . Since the virologic parameters, such as initial viral load, peak viral load, rate of increase in viral load prior to disease onset, are highly correlated it has been difficult, using conventional multivariable models, to ascertain the relative contributions of viral load thresholds and continuous presence of virus to the pathogenesis of different HCMV diseases and to produce estimates of the likely time of onset of disease. In order to address this issue for HCMV pathogenesis, we have utilized a more sophisticated statistical model recently described to investigate the pathogenesis of simian immunodeficiency virus (SIV) infection in rhesus macaques (Macaca mulatta; Regoes et al. 2002) . In simple terms, the statistical model allows the relative contributions of peaks in viral load to the pathogenesis of disease to be assessed by computing the total viral turnover prior to disease onset and determining a tolerance threshold for disease, which is related to a peak parameter. Re-iteration of the model with various values of this peak parameter allows the calculation of the optimal value of the peak parameter, which explains a significant proportion of the time to disease observed clinically. In the case of SIV, the model shows that peaks in virus load are not the major pathogenetic factors but that continuous viral presence is a dominant factor (Regoes et al. 2002) . In the present report, we show that a similar scenario exists for HCMV pathogenesis in the human host.
MATERIAL AND METHODS
Sixty-one patients with frequent HCMV load measurements, who suffered from HCMV disease, were analysed. The patients compromised renal transplant (nZ12) (Hassan Walker et al. 1999) , liver transplant (nZ18) (Cope et al. 1997) and bone marrow transplant (nZ13) (Gor et al. 1998) recipients and 16 HIV-infected individuals (Bowen et al. 1997) . HCMV diseases conformed to the International Workshop definition (Ljungman et al. 2002) and included HCMV retinitis (nZ17), gastrointestinal disease (nZ7), hepatitis (nZ4), pyrexial debilitating disease (nZ14) and HCMV pneumonitis (nZ14). In addition, a further five cases of presumed HCMV hepatitis were included on the basis of elevated blood alanine aminotransferase (ALT) levels in the absence of any other pathogen. In these cases, peak of ALT was taken as the day of disease. Viral load for HCMV was measured using a quantitative-competitive PCR method on the DNA extracted from the whole blood (level of sensitivity: 200 genomes ml K1 blood) described extensively elsewhere (Fox et al. 1992 (Fox et al. , 1995 . The total number of viral load measurements used in the analysis was 388. In the transplant recipients, viral load monitoring occurred from the day of transplant weekly for the first three months and then routinely on a monthly basis, whereas in AIDS patients routine monitoring occurred when CD4 cell counts fell below 100 cells ml K1 blood every 2-4 weeks. The treating physicians were not aware of the viral load measurements, and the treatment was initiated on clinical grounds, i.e. evidence of HCMV disease.
MODEL USED TO EVALUATE CONTRIBUTIONS OF PEAKS OF VIRAL LOAD TO DISEASE
We used a previously developed statistical model (Regoes et al. 2002) to regress the time to disease against the viral load. The model takes into account the temporal variation in the virus load. By fitting the model to the HCMV load data we estimate a parameter p, which measures the importance of peaks of virus load for disease progression. For pO1, high peaks became the dominant factor in HCMV disease, whereas if p!1 the high peaks contribute under-proportionately to HCMV disease. A full description of the model and the fitting is given in appendix A.
RESULTS
The model outlined earlier was simultaneously fitted to the patients within each HCMV disease category in order to obtain the best estimate for p ( p best ). In all types of HCMV diseases under consideration, p best was less than unity implying that continuous presence of virus was more important than peaks of viral load for determining time to disease. In the case of pyrexial debilitating disease (fever), pneumonitis and gastrointestinal disease, the values of p that explained the greatest amount of the variation in time to disease development were 0.33, 0.25 and 0.38, respectively (figure 1). These values were significantly less than 1 but not significantly different from each other as can be seen from the 95% confidence intervals (CIs) of the fitted peak parameter p listed in table 1. Using the coefficient of fit parameter R 2 (equation (A 7)), these values of p best accounted for 84.2% of the variation in the time to onset of fever, 75.6% of the time to gastrointestinal disease and 50.7% of the time to HCMV pneumonitis. Figure 2 illustrates how well the expected times to disease, t exp j , agree with the observed times, t disease j , for fever, pneumonitis and gastrointestinal disease. For each of these three diseases, the mean t ) days) for gastrointestinal disease.
In the case of HCMV hepatitis and retinitis, p best was also below unity but the model was unable to account for a significant proportion of the variation in time to disease observed clinically. For HCMV hepatitis, p best was 0.11 accounting for 46.5% of the variation, which did not reach statistical significance. Since this result may reflect the small number of patients with histologically proven HCMV hepatitis, we analysed a further five patients whose sequential HCMV load measures were available and who had elevations in liver function tests (specifically ALT), using the maximum ALT level as the marker for liver-related disease. Interestingly, these analyses 1.0 fraction of explained variation in times to disease Figure 1 . Distribution of the peak parameter, p, illustrating the goodness-of-fit, measured by the fraction of explained variation in times to disease for four of the five HCMV diseases under consideration (fever-solid line; pneumonitis-dotted line, gastrointestinal disease-dashed line and hepatitisdashed-dotted line). All fitted peak parameters are between 0 and 1. The fraction of explained variation in time to disease is significant for all diseases, except for hepatitis (nZ4) (see table 1 ).
indicated that p best /0, but the model could not explain the variation observed in the time to peak ALT. However, the expected time of peak ALT (45.1G3 days) was an average of approximately 2 days earlier than the actual time to ALT peak (47.3G11.2 days). A similar situation was observed for HCMV retinitis where p best was 0.065, but the model only accounted for 2.5% of the variation in time to disease. The mean t exp j for HCMV retinitis was 124G9 days compared to the mean t disease j of 130G43 days (PZ0.59), although, as expected from the least-square fit, there was no significant correlation between t exp j and t disease j (R 2 Z0.04; PZ0.43). A summary of these data for all HCMV diseases under consideration is given in table 1.
Since we had estimated the peak parameter p and the tolerance threshold t from the model for the appearance of fever, gastrointestinal tract disease and pneumonitis, we were interested to determine whether, and at what time, these tolerance thresholds were breached by the HCMV replication in the HIV-infected patient group with HCMV retinitis. The data shown in table 2 reveal that the threshold is reached for each disease significantly prior (between 2 and 3 months) to the appearance of retinitis. These data illustrate the dichotomy between the expected appearance of diseases in the HIV-infected host and the clinical picture where such diseases are either rare or absent prior to the diagnosis of HCMV retinitis.
The model suggests with some confidence that for three HCMV diseases, peaks in viral load contribute under-proportionally to HCMV pathogenesis in the immunocompromised host, i.e. total viral turnover is not the best correlate of time to disease. This concept can be illustrated by comparing the actual viral load measured in the blood with the viral load scaled by the exponent p to give an imaginary viral load that is felt by the host during active infection. Three representative examples are shown in figure 3 and illustrate that during periods of low viral loads the host perception is that commensurately more virus is present. , for the three HCMV diseases where a significant proportion of the variation in time to disease was explained by the model. In the case of gastrointestinal disease, the significance of the regression is dependent on the outlying high data point. Total CMV load and pathogenesis R. R. Regoes and others 1963
DISCUSSION
In the case of HCMV infections in the immunocompromised host, we, and others, have consistently shown using logistic regression models that viral load levels at early times during active infection, at the peak of viraemia and area under the viral load-time curve can provide important prognostic and diagnostic markers for HCMV disease. However, until now, neither the relative contributions of peaks in viral replication in the context of replication rate and turnover of viral infected cells to HCMV pathogenesis have been assessed nor whether the pathogenesis of the distinct HCMV diseases observed in different immunocompromised hosts can be explained by a single pathogenetic mechanism. The results presented here clearly show that for three pathologically distinct HCMV diseases, namely prolonged fever, gastrointestinal tract disease and pneumonitis, peaks in viral load contribute under-proportionally to HCMV disease. Thus, short periods of high viral load contribute less to disease progression than longer periods of lower viral load with an equal amount of viral turnover. The results further imply that it may not be the actual amount of virus present at any given point in time or the amount of viral turnover that dictates whether the hosts suffer from HCMV disease, but that the continuous presence of virus is a major effector mechanism. These results complement our previous analyses of the role of viral load as a risk factor for HCMV diseases (as mentioned earlier) and do not negate a role for continuous periods of high viral load in HCMV pathogenesis; however, they do suggest that the contribution of peaks is smaller than that suggested by the amount of viral turnover during the peak phase. Indeed, as suggested in our previous studies on the viral load at early time-points in active infection (Emery et al. 2000) , the current study reinforces the concept that viral load measures at each time-point contain information pertinent to pathogenesis, which can be extracted using the current modelling approach. Using a similar model, the same conclusions have been derived for SIV pathogenesis in experimentally infected rhesus macaques (Regoes et al. 2002) . In this paradigm for HIV pathogenesis, the model explained 44% of the variation in time to death from SIV and was more accurate than a viral set-point model.
Two HCMV diseases included in our analyses appear not to segregate with the diseases described earlier. In the case of hepatitis, the model explained 46.5% of variation in time to biopsy proven HCMV disease, but this was not statistically significant and was not improved by the inclusion of an extra five patients with presumed hepatitis. Various explanations, which are not mutually exclusive, can be offered for this observation: firstly, an important, as yet unidentified pathogenic component is missing from the model; secondly, human leukocyte antigen (HLA) matching does not occur between liver transplant donor and recipients, and so the ability of the donor to mount an appropriate immune response against viral infected hepatocytes may be delayed or even absent, thus producing variation in time to clinically apparent hepatitis independent of virologic events and finally, there may be a differential balance between viral lysis and immunemediated destruction of hepatocytes depending on the viral burden in the infected hepatocytes. Interestingly, HCMV infections have been associated with an increased risk of acute rejection episodes in patients with partial HLA matching but not in patients with a complete HLA match with the donor organ (Ontanon et al. 1998) .
In the case of HCMV retinitis, we obtained results similar to the extended dataset of hepatitis patients ( p best for this disease was 0.065 with only 2.6% of the variation being explained by the model). The majority of retinitis is in the HIV-infected patient group who differ from other patients, in that they have a continuously declining immune functionality, which allows HCMV replication to reach a steady state weeks or even months prior to the appearance of retinitis (Spector et al. 1998; Bowen et al. 1997; Emery et al. 1999a,b) . It is possible that a specific period of replication is required before the vasculature of the eye can be breached by HCMV and intraocular infection achieved. HIV itself has been shown to affect the ocular vasculature (Dejaco-Ruhswurm et al. 2001; Lim et al. 2001) , and it is possible that HIV load itself may be a predisposing factor which accounts for the variation in the time for a patient to experience HCMV retinitis. Nevertheless, despite a small peak parameter value, the model is unable to explain the variation in time to disease implying that other factors, as yet unidentified, are important for the development of retinitis. In this context, the expansion of a fully differentiated, mature effector HCMV specific CD8 T-cell population just prior to HCMV retinitis has been described recently (Bronke et al. 2005a) An alternative way of considering the HIV-infected patient group is to assess whether, given their HCMV replication history, other HCMV diseases (pneumonitis, gastrointestinal tract disease) would be predicted to occur. Since we know from a number of natural history studies that the first HCMV disease experienced by these patients is retinitis (Dunn & Jabs 1995; Shinkai et al. 1997) , we have used the tolerance thresholds calculated for other HCMV diseases to predict the likely time that one would have expected these diseases to occur in the HIV-infected group. The results show that each disease entity, including pneumonitis, would have been expected to occur on average two months prior to the appearance of HCMV retinitis. These results again indicate that host factors, which are important in producing HCMV-related pathology, are absent or severely depleted in the HIVinfected patient group. Interestingly, HCMV DNA is frequently found in the lungs of HIV-patients and yet no overt pathology has been observed (Mann et al. 1997) except in patients with well-preserved CD4 counts, who can presumably mount a cytokine driven T-cell-mediated immune response in the lung (Squire et al. 1992; Barry et al. 2000) .
In conclusion, we have shown that peaks of HCMV load contribute much less to the pathogenesis of different HCMV diseases than previously envisaged, and that each viral load value inherently contains important data regarding pathogenesis. These findings have relevance to the deployment of antiviral chemotherapy for HCMV, which should be aimed to maintain levels below the critical tolerance threshold for disease and also identifies certain HCMV diseases whose pathogenesis appear to be distinct.
APPENDIX A
The total turnover of HCMV, T, over the period prior to disease onset is proportional to the area under the virus load-time curve which is given by the integral of the viral load, v, from the time of HCMV infection to HCMV disease, divided by the duration of a complete replication cycle of the virus, d r :
To ascertain the contribution of peaks in HCMV load to disease, we expand equation (A 1)) for the total viral turnover to the following model, relating virus load in the jth patient, v j , to the time they experienced disease, t j
This model assumes that a universal tolerance threshold (t) exists that measures the tolerance of all individuals who suffer from HCMV disease irrespective of between patient group variation of tolerance with respect to HCMV infection/disease. Since the right-hand side of equation (A 2) contains the integral over the HCMV load weighted by a factor dependent on viral load, v, it can be rewritten as the integral over the HCMV load weighted by a factor dependent on viral load, v, viz.
In this case, the peak parameter p determines the relative importance of peaks in HCMV load to HCMV disease. For pO1, high peaks became the dominant factor in HCMV disease, whereas if p!1 the high peaks contribute under-proportionately to HCMV disease. Thus, an alternative complementary explanation can be offered; a very large p-value ( p[1) describes a situation where HCMV disease develops when viral load reaches a certain threshold level; when pZ1, HCMV disease develops after a certain number of virus particles has been produced; when p is smaller than unity, continuous HCMV burden contributes to HCMV disease disproportionately more than a short and high peak in viral load and when pZ0, the total time of the continuous presence of virus is important, irrespective of the viral load.
(a) Fitting the model and experimental data For a fixed peak parameter p-value, the left-hand side of equation (A 4) is calculated for all cases of HCMV disease as follows:
where t j disease denotes the time at which the jth patient experienced HCMV disease and v j (t) is the virus load of the jth patient at time t. The geometric mean of the lefthand sides, t j , yields a universal tolerance threshold, t : tZ t j . The value of t is then used to calculate the expected time of disease for the jth patient according to the following algorithm:
(i) If t!t j , integrate v j (t) p until the integral equals t. The time at which this condition is satisfied is the expected time of disease of the jth patient, t , and so this case contains patients who suffer from disease later than expected.
(ii) If tOt j , the viral load progression of the jth patients' is extrapolated assuming that the viral load after the onset of disease is equal to the average of the virus load before disease. Integration of v j (t) p until the integral equals t yields the expected time of disease of the jth individual (vide supra). In this case, t exp j O t disease j , and so contains patients who experience disease earlier than expected.
We repeat this computation for different values of the peak parameter p between 0 and 10. The best fit is determined by the value of p which minimizes the sum of squares:
where n is the number of patients with the disease under consideration and is calculated for each HCMV disease.
Total CMV load and pathogenesis R. R. Regoes and others 1965 (b) Estimating the quality of the fit The quality of the model fit can be estimated by the ratio of the explained sum of squares divided by the total sum of squares of the variable regressed (t disease ). The fraction of explained variation R 2 is given by:
where n is the number of patients with the disease being assessed. Whether the model explains a significant fraction of the variation in the time to disease can be assessed by an F-test.
Comparison of means between t exp j and t disease j for each disease under consideration was performed using a paired t-test. P-values equal to 0.05 or less were regarded as significant.
